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ABSTRACT: Transition metal dichalcogenides (TMDs) are van der Waals layered materials with 
sizable and tunable bandgaps, offering promising platforms for two-dimensional electronics and 
optoelectronics. To this end, the bottleneck is how to acquire high-quality single crystals in a facile 
and efficient manner. As one of the most widely employed method of single-crystal growth, 
conventional chemical vapor transport (CVT) generally encountered problems including the 
excess nucleation that leads to small crystal clusters and slow growth rate. To address these issues, 
a seed crystal is introduced to suppress the nucleation and an inner tube is adopted as both a 
separator and a flow restrictor, favoring the growth of large-size and high-quality TMD single 
crystals successfully. Three examples are presented, the effective growth of millimeter-sized 
MoSe2 and MoTe2 single crystals, and the greatly shortened growth period for PtSe2 single crystal, 
all of which are synthesized in high quality according to detailed characterizations. The mechanism 
of seeded CVT is discussed. Furthermore, a phototransistor based on exfoliated multi-layered 
MoSe2 displays excellent photoresponse in ambient conditions, and considerably rapid rise and 
fall time of 110 and 125 µs are obtained. This work paves the way for developing a facile and 
versatile method to synthesize high-quality TMD single crystals in laboratory, which could serve 
as favorable functional materials for potential low-dimensional optoelectronics. 
INTRODUCTION 
Transition metal dichalcogenides (TMDs) represent a category of materials with a general formula 
of MCh2, where M is the central transition metal atom (group IV, V, VI, VII, IX or X) and Ch is 
the chalcogen atom (S, Se or Te). The typical crystal structure of TMDs can be regarded as van 
der Waals stacking of MCh2 layers where the central M layer is sandwiched between two 
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chalcogen layers, exhibiting a large variety of chemical composition and structural variations. 
Thus, TMDs have generated intriguing properties that triggered tremendous interests in both 
fundamental research and future technology.1-11 For instance, MoSe2 and MoTe2 in 2H phase show 
a layered hexagonal structure, similar to graphene but featured an indirect-to-direct bandgap 
transition from bulk to monolayer in the range of 1-2 eV.12,13 PtSe2 in 1T phase experiences a 
semimetal to narrow bandgap semiconductor transition when it is thinned to bilayer and monolayer, 
suggesting a promising platform for the optoelectronics in the mid-infrared region.14,15 With the 
bandgap tunability, TMDs outstrip gapless graphene by displaying high performance in electronics, 
optoelectronics and photovoltaics.5,6 Furthermore, emerging topological states, such as Dirac 
semimetal and Weyl semimetal, have been realized in the 1T phase of PtSe2,16,17 PtTe2,18 PdTe219,20 
and Td-MoTe2,21,22 respectively.  
Noticeably, high-quality TMD single crystals are bestowed with advantages such as fewer 
defects over their film counterparts grown by chemical or physical vapor deposition, essential for 
discovering exotic physical phenomena including the nontrivial band structure and quantum 
transport.8,23 Furthermore, the large-size and high-quality crystals are prerequisites for fabricating 
large-area few- or monolayer TMDs through mechanical or liquid exfoliation for low dimensional 
electronic and optoelectronic devices.24-28 Among numerous single-crystal growth strategies, 
chemical vapor transport (CVT) has been extensively applied for scientific research. Generally, in 
CVT process, the condensed source is vaporized by a transport agent and recrystallizes at the 
deposition end, driven by the shift of chemical equilibrium in an established temperature gradient 
according to the Le Chatelier’s principle.29-35 However, the challenge in conventional CVT (C-
CVT) is the excess nucleation that randomly takes place at multiple sites on the inner wall of the 
reaction vessel, leading to aggregated crystal clusters with restricted size. Therefore, it is difficult 
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for C-CVT to synthesize large-size and high-quality TMD crystals that meet the demand in 
research and application. Adding a seed crystal at the deposition end could prevent such unwanted 
nucleation and significantly improve the crystal growth. To this far, seeded growth in CVT are 
mainly reported on the growth of ZnO and Cu2OSeO3 bulk crystal,36-39 while its attempt in TMD 
crystal growth is yet to be explored. 
In this study, we present a seeded CVT (S-CVT) method for the facile and effective growth 
of high-quality TMD crystals (cf. Figure 1). Compared to C-CVT, a seed crystal aiming to promote 
and control the growth of TMD crystals is introduced, and an inner tube serving as both a separator 
and a flow restrictor is added. S-CVT can effectively address the common issues such as random 
and excess nucleation and unsuitable growth substrate. As a result, millimeter-sized high-quality 
MoSe2 and MoTe2 single crystals with clearly hexagonal and shiny surface are successfully grown. 
Moreover, S-CVT can evidently shorten the growth period for strenuous PtSe2 from 21 to 3 days, 
which is a type-II Dirac semimetal and a potential candidate for mid-infrared optoelectronics. The 
mechanism of S-CVT reaction is also discussed in detail. Furthermore, the highly crystalline nature 
of the as-grown TMD crystals are established through various characterizations and excellent 
photoresponse of a multi-layered MoSe2 phototransistor in ambient environment. 
EXPERIMENTAL SECTION 
Materials. Mo foil (Alfa Aesar, 99.95%), Pt wire (Alfa Aesar, 99.9%), Se shot (Alfa Aesar, 
99.999%), Te lump (Aladdin, 99.999%), SeCl4 powder (Aladdin, 99.5%), TeBr4 powder (Alfa 
Aesar, 99.9%). 
Synthesis of MCh2 powder. Polycrystalline MCh2 (M = Mo, Pt, Ch = Se, Te) powder used 
as precursor was synthesized by direct solid-state reaction of the stoichiometric mixture of high-
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purity M and Ch. The mixture vacuum-sealed in a silica ampoule was heated to 1073 K and kept 
at the same temperature for 3 days. 
C-CVT Growth. As shown in Figure S1, MCh2 powder and transport agent were vacuum-
sealed in a silica ampoule and the growth was carried out under the temperature gradient (see 
Figure S2) established in a horizontal tube furnace. The detailed parameters for C-CVT growth are 
listed in Table S1, which has been learned from previous literatures and optimized in plenty of 
experiments.17,32,40 The as-grown crystals were rinsed with deionized H2O, acetone and ethanol to 
remove remaining transport agent. Afterwards, shiny crystals with width of 500 μm - 1 mm and 
high crystallinity were carefully chosen and cut off into regular shape to be used as seed crystals 
for S- CVT growth (see Figure S3, S4). 
S-CVT Growth. As shown in Figure 1, MCh2 powder and transport agent were added into 
an inner silica tube horizontally placed at the source end of a vacuum-sealed silica ampoule, while 
the seed crystal was placed at the other end for the crystal growth. Both C-CVT and S-CVT were 
carried out in the same tube furnace and under the same condition. The detailed parameters for S-
CVT growth are listed in Table S1. 
Characterization. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku 
D/max-2500/PC X-ray diffractometer, using Cu Kα radiation and operating at 40 kV and 200 mA. 
Raman spectra were collected on a Horiba Jobin Yvon LabRam-HR/VV Spectrometer with a 514-
nm laser source and a grating with 600 lines per millimeter. High-resolution transmission electron 
microscopy (HRTEM) images and selected area electron diffraction (SAED) patterns were 
collected on an FEI Tecnai G2F20 transmission electron microscope operating at 200 kV with an 
aperture size of 100 nm in diameter.  
 7 
Device Fabrication and measurement. Back-gated multi-layered MoSe2 phototransistor 
was fabricated in the following way. First, source, drain, and gate electrodes were patterned on a 
300-nm SiO2/p+-Si substrate using standard UV photolithography techniques, followed by 
selective etching of 300-nm SiO2 beneath the gate electrode and e-beam evaporation of a 5/100-
nm Cr/Au film. Second, a multi-layered MoSe2 sample obtained by mechanical exfoliation of an 
S-CVT grown MoSe2 crystal was prepared on another 300-nm SiO2/p+-Si substrate. Finally, the 
sample was transferred onto patterned source-drain electrodes using polyvinyl alcohol (PVA) as a 
medium, which was removed in H2O and rinsed with isopropyl alcohol. Electrical measurements 
were carried out in dark and ambient environments. Electrical and photoresponse measurements 
were conducted on a Lake Shore Probe Station with an Agilent B1500 semiconductor parameter 
analyzer and a laser diode with a wavelength of 637 nm. The device was illuminated with a laser 
spot size larger than 200 μm to ensure a uniform intensity. The modulation cycle of temporal 
response was recorded using a current preamplifier and an oscilloscope. 
 
Figure 1. Schematic diagram of the S-CVT growth setup. 
RESULTS AND DISCUSSION 
As shown in Figure 2, it can be learned from plenty of experiments that C-CVT generally produces 
MoSe2 and MoTe2 crystals with limited width of 500 μm - 1 mm that congregate together (see 
Figure 2d, e). In contrast, S-CVT can produce large-size MoSe2 and MoTe2 crystals up to 3 mm 
with clearly hexagonal shape and flat surface (see Figure 2a, b). For PtSe2 grown by C-CVT, it 
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requires a long growth period of at least 3 weeks to provide samples with satisfactory quality.17 In 
comparison, S-CVT can evidently reduce the growth period to 3 days and increase the crystal size 
in the meantime. Both PtSe2 crystals grown by S-CVT and C-CVT are shown in Figure 2c and f, 
displaying hexagonal shape and shiny surface. The observable boundaries are possibly arising 
from stress and cracks in CVT systems.  
 
Figure 2. Optical images of (a) MoSe2, (b) MoTe2, (c) PtSe2 crystals grown via S-CVT and (d) 
MoSe2, (e) MoTe2, (f) PtSe2 crystals grown via C-CVT. The scale bars are 1 mm. 
Figure 3a and b display PXRD patterns of the raw MoSe2 and MoTe2 crystals grown via C-
CVT and S-CVT, respectively. The former patterns show no obvious peaks, while the later patterns 
contain sharp and intense peaks that follow the (0 0 l), l = 2n, diffraction rule, indicating aligned 
MCh2 layers along the [0 0 1] direction and high degree of crystallization of MoSe2 and MoTe2 
crystals grown via S-CVT. Figure 3c displays PXRD patterns of slightly ground PtSe2 crystals 
grown via C-CVT and S-CVT, respectively. The sharp and intense peaks are in good agreement 
with the P3!m1 PtSe2 (PDF#18-0970), revealing the good crystallinity. Raman spectra (Figure 4a-
c) show the characteristic vibrational modes of MoSe2, MoTe2 and PtSe2, consistent with the 
literature.12,17,41 No shift is observed between crystals grown via C-CVT and S-CVT. Figure 5a-c 
present HRTEM images of MoSe2, MoTe2 and PtSe2 crystals grown via S-CVT. The lattice fringes 
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are clearly resolved and spacings of (1 0 0) planes match well with the crystallographic values of 
0.28, 0.30 and 0.32 nm in MoSe2, MoTe2, and PtSe2, respectively. In addition, the highly crystalline 
nature is again reflected through luminous dots in the SAED patterns (insets of Figure 5a-c), where 
all samples show one uniform diffraction pattern with hexagonal symmetry contributed by well-
crystallized MCh2 layers. 
 
Figure 3. PXRD patterns of (a) MoSe2, (b) MoTe2 crystals, and (c) ground PtSe2 crystals grown 
via S-CVT and C-CVT.  
 
Figure 4. Raman spectra of (a) MoSe2, (b) MoTe2, (c) PtSe2 crystals grown via S-CVT and C-
CVT.  
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Figure 5. HRTEM images of (a) MoSe2, (b) MoTe2, (c) PtSe2 crystals grown via S-CVT. The scale 
bars are 5 nm. Insets are SAED patterns 
The S-CVT affords more controllable manners to produce high-quality MCh2 crystals. Taking 
into account the growth of MoSe2 crystal as an example, SeCl4 is used as a transport agent to 
generate Cl2 that transfers MoSe2 during the CVT. The transport process can be described 
according to the following equilibria:  
2 SeCl4 (s) ⇋ Se2 (g) + 4 Cl2 (g)    (1) 
2 MoSe2 (s) + x Cl2 (g) ⇋ 2 MoClx (g) + 2 Se2 (g) (2) 
where MClx represents gaseous species of the metal chloride (MCl2, MCl3, MCl4, MCl5, ...).31,32 At 
the source end, the equilibrium (2) proceeds forward to generate gaseous intermediate MoClx. Due 
to the temperature gradient in the reaction ampoule (see Figure S2), a partial pressure gradient of 
MoClx is established, which pushes the equilibrium (2) backward at the deposition end. For C-
CVT, the nucleation of MoSe2 randomly occurs at multiple sites on the wall of silica ampoule with 
no preferred orientation, producing the congregated small MoSe2 crystals (see Figure 2d). For S-
CVT, the MoSe2 seed crystal favors the nucleation rather than the silica wall due to the lower 
nucleation energy, which in turn consumes the gaseous intermediate MoClx at the deposition end 
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and impedes extra nucleation. In the meantime, the MoSe2 seed crystal (see Figure S3a, S4a) 
encourages oriented nucleation that favors the growth of high-quality single crystals. Moreover, 
an inner silica tube is added to separate the seed crystal and source material. The inner silica tube 
also acts as a flow restrictor, where the slightly higher temperature of ~10 K at the opening end 
(see Figure S2) slows down the transport of gaseous MoClx. Consequently, it can decrease the 
quantity of nucleation centers on the surface of seed crystal, reducing defects and promoting the 
quality of as-grown single crystals. Similar mechanism also works for the growth of MoTe2 crystal. 
However, for the growth of PtSe2 crystal in C-CVT method, there is a major difference that its 
growth is arduous and sluggish compared to those of MoSe2 and MoTe2, where the nucleation 
plays a more important role. It typically requires long growth periods of no less than 3 weeks in 
C-CVT method, while the seed crystal can relieve this issue and remarkably promote the growth 
of PtSe2 by reducing its growth period to just 3 days in S-CVT system. 
Owing to the unique electronic structures and sizable bandgaps, TMD materials could serve 
as promising functional materials for future low dimensional electronics and optoelectronics.6-8 
On account of this, we fabricated back-gated multi-layered MoSe2 phototransistor based on the 
mechanical exfoliation of MoSe2 crystal grown via S-CVT (see inset of Figure 6a). A linear 
dependence of the output characteristics (see Figure S5a) implies the ohmic character of contacts 
between the MoSe2 flake and electrodes. The transfer characteristics in Figure S5b reveal an air-
stable n-type behavior, where the on-state is at positive gate voltage and the off-state is at negative 
gate voltage. The relatively large threshold voltage of -30 V and low field-effect mobility of 0.77 
cm2 V-1 s-1 might ascribe to the defects and disorders introduced by mechanical exfoliation, device 
fabrication and SiO2 substrate.7,42-45 
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Figure 6. Photoresponse performance of the back-gated multi-layered MoSe2 phototransistor 
under 637-nm illumination. (a) The drain-source current (Ids) versus the drain-source voltage (Vds) 
curves with different light power intensities (Pin) at Vbg = -50 V. The arrow direction indicates 
increasing Pin. The inset in (a) is the optical image of the phototransistor, and the scale bar is 10 
μm. (b) Photoresponsivity (R) as a function of Pin at Vds = 2.5 V and Vbg = -50 V. (c) Temporal 
response at Vds = 1 V, Vbg = -50 V and Pin = 20.82 mW mm-2. The light is turned on and off at an 
interval of 1 s. (d) The rise and fall time are 110 and 125 µs, respectively, in a single modulation 
cycle. 
The photoresponse performance of the multi-layered MoSe2 phototransistor was measured 
under a 637-nm illumination in ambient condition. The curves of drain-source current (Ids) versus 
voltage (Vds) with different light power intensities (Pin) at Vbg = -50 V are displayed in Figure 6a. 
The illumination causes a distinct increase in Ids and a net photocurrent (Iph = Iilluminated – Idark) as high 
as 2.8 µA is obtained at Vds = 2.5 V and Pin = 46.35 mW mm-2. At a fixed bias voltage, the increase 
of Pin could induce the increase of Iph, arising from the increase of photogenerated carriers. Figure 
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6b depicts the photoresponsivity (R = Iph / PinS, where S is the area of the MoSe2 flake) as a function 
of Pin at Vds = 2.5 V and Vbg = -50 V, and the maximum and minimum photoresponsivity are 13 
and 0.3 A W-1 at light power intensity of 0.012 and 46.35 mW mm-2, respectively. For comparison, 
it has been reported that a typical back-gated phototransistor based on multi-layered MoSe2 flake 
obtained by mechanical exfoliation exhibits a maximum photoresponsivity of ~1.4 A W-1 at a light 
power of ~100 nW under 532-nm illumination in the off-state, while a top-gated photodetector 
based on monolayer MoSe2 grown via CVD shows a lower photoresponsivity of ~13 mA W-1 at 
Pin = 1 mW mm-2 under 532-nm illumination in the off-state.46,47 Therefore, the MoSe2 
phototransistor in this work displays a high and stable photoresponsivity with a wide range of Pin. 
As shown in Figure 6b and S6, the photocurrent tends to reach saturation and the photoresponsivity 
decreases with the increasing Pin, mainly owing to the carrier-trap saturation effect resulting from 
surface state filling.48-50 The time-resolved photoresponse was investigated to further evaluate the 
device performance. Figure 6c depicts the time-resolved drain current by switching the 
illumination light on and off periodically at Vds = 1 V, Vbg = -50 V and Pin = 20.82 mW mm-2. The 
on-state and off-state are realized under illuminated and dark conditions, respectively, and the 
stable and reversible switching between them exhibits a highly robust feature of the multi-layered 
MoSe2 phototransistor. Moreover, a single modulation cycle of temporal response is shown in 
Figure 6d. The current displays sharp rising and falling edges, with the corresponding rise and fall 
time of 110 and 125 μs, respectively. In contrast, the early reported multi-layered MoSe2 
phototransistor and the CVD-grown monolayer MoSe2 photodetector display rise and fall time of 
15 and 30 ms, 60 and 60 ms, respectively, demonstrating the considerably rapid photoresponse of 
the back-gated multi-layered MoSe2 phototransistor in this work.46,47 The rapid photoresponse can 
be attributed to the fast carrier recombination in the multi-layered MoSe2, which is probably 
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associated with the highly crystalline character of MoSe2 crystals grown via S-CVT. It is 
noteworthy that the performance of the device could be further improved by optimizing the sample 
treatment and device fabrication.7,24 The excellent photoresponse performance suggests that TMD 
crystals grown via S-CVT could serve as excellent materials for the construction of high-
performance low dimensional optoelectronics. 
CONCLUSIONS 
In summary, S-CVT promotes the crystal growth through a seed crystal acting as nucleation and 
crystallization substrate. The inner tube in the growth apparatus acts as both a separator and a flow 
restrictor, on account of the reaction equilibrium and mass transport in the CVT system. It has 
been proved that S-CVT can be facile, sound, and versatile for large-size TMD crystal growth by 
laboratory-based apparatus, as exemplified in MoSe2, MoTe2, and PtSe2. The high crystallinity of 
the as-grown TMD crystals has been well characterized via PXRD, Raman, HRTEM, and SAED. 
The excellent photoresponse performance of MoSe2 grown by S-CVT that outperforms the 
exfoliated or CVD-grown ones suggests its promise for investigating emerging low-dimensional 
optoelectronics. Furthermore, considering the generality of its principle and versatility of the 
growth substrate, S-CVT could be extended to synthesize heterogeneous TMDs, for instance, the 
van der Waals heterojunctions, and be expected to become a powerful strategy for investigating 
emerging properties of 2D materials. 
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